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The African clawed frog, Xenopus laevis, has long been a model animal for the studies in the fields of animal cloning, devel-
opmental biology, biochemistry, cell biology, and physiology. With the aid of Xenopus, major molecular mechanisms that are 
involved in embryonic development have been understood. Germ layer formation is the first event of embryonic cellular dif-
ferentiation, which is induced by a few key maternal factors and subsequently by zygotic signals. Meanwhile, another type of 
signals, the pluripotency factors in ES cells, which maintain the undifferentiated state, are also present during early embryonic 
cells. In this review, the functions of the pluripotency factors during Xenopus germ layer formation and the regulatory rela-
tionship between the signals that promote differentiation and pluripotency factors are discussed. 
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The understanding of the process of embryonic develop-
ment is not only a field of basic research. The underlying 
mechanisms also provide critical clues to the causes of 
many human diseases, for instances, congenital birth defects 
or cancers. Based on the studies on typical model animals 
using molecular and biochemical strategies during recent 
two or three decades, we can now understand roughly the 
key molecular events that underlie the framework of early 
embryonic development, e.g., germ layer induction, dorso-
ventral patterning, etc. Here I will summarize and discuss 
some research progress in germ layer formation during 
Xenopus embryogenesis, in particular the functions of plu-
ripotency factors in controlling germ layer development. 
1  A brief introduction to Xenopus 
Among the few typical model animals, the African clawed 
frog, Xenopus laevis, has made exceptional contributions to 
the study of embryonic development due to some favorable 
features: in vitro fertilization and development that make 
direct observation easier for early embryos, numerous eggs 
(~3,000 eggs a female can give per spawning) with rela-
tively big size (1.01.2 mm in diameter) that facilitates mi-
cromanipulation, and year-round egg laying in response to 
artificial hormonal stimulation that is in principle without 
seasonal limitation. Besides, the frog is an aquatic animal 
that is easy to keep in laboratories. In history, Xenopus was 
not used for the study on developmental biology at the be-
ginning [1]. Instead, some other amphibian species such as 
the frog Rana, urodeles like the newt Triturus or axolotl 
Amblystoma, were used by the traditional experimental de-
velopmental biologists in Europe in the late 19th and early 
20th centuries [1]. It was first introduced for endocrinolog-
ical research. Because it can be stimulated to lay eggs in 
response to the hormone in the urine of a pregnant woman, 
it then in the 40th and 50th of the last century became 
widely used as a tool for pregnancy test in Europe and  
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North America. This wide distribution made the animal 
readily accessible to researchers of developmental biology. 
However, the extensive application of Xenopus in develop-
mental biology was believed to be due to an advantageous 
feature over urodeles, the big number of embryos that can 
satisfy the needs for cellular and biochemical experiments. 
Today, Xenopus can be found all over the world in the labs 
of developmental biology, biochemistry, cell biology, 
physiology, and so on. By taking the advantage of Xenopus, 
many influential achievements have been made towards the 
understanding of nuclear reprogramming [2], embryonic 
induction, pattern formation, and signaling pathways that 
regulate embryogenesis [3]. In 1958, John Gurdon [2] re-
ported the cloning of Xenopus laevis via transferring the 
nuclei of mature intestinal cells into the enucleated oocytes. 
This pioneering work led to the cloning of Dolly the sheep 
and later on, the cloning of other numerous species of ani-
mals. The work also set up the concept of nuclear repro-
gramming, which can also be achieved by forced expression 
of a few transcription factors in differentiated cells [4] or by 
chemical treatment [5]. The molecular nature of embryonic 
induction and pattern formation had long been enigmatic 
until the 1990s, when the key genes such as noggin, chordin 
and cerberus were identified in Xenopus laevis [6,7]. The 
mesoderm induction properties of TGF and FGF signaling 
pathways were first characterized in Xenopus [8,9]. Besides 
developmental biology, Xenopus has been widely used for 
the research fields including biochemistry and physiology. 
For instances, the first eukaryotic translation and transcrip-
tion-translation and electrophysiological study systems were 
established using Xenopus oocytes [3]. Albeit transgenic 
studies using Xenopus laevis have been rather successful 
[1013], it is not a super model for genetic study because of 
its pseudotetraploidy and relatively long reproduction cycle. 
In this case, a diploid Xenopus species with much shorter 
reproduction cycle, Xenopus tropicalis, has entered the field 
[14,15]. The genome of Xenopus tropicalis was sequenced, 
while sequencing the genome of laevis is also underway 
[16,17]. With the development of new techniques such as 
zinc-finger nucleases (ZFNs), transcription activator-like 
effector nucleases (TALENs), and CRISPR/Cas, genome 
engineering has been also a routine work in Xenopus 
[1822], as in mouse. Therefore, Xenopus can also serve as 
a non-mammalian model suitable for establishing disease 
models for human inherited diseases and performing drug 
discovery screening [23,24]. In the following, I will sum-
marize some discoveries about the major signals that are 
involved in germ layer formation during Xenopus embryon-
ic development. 
2  Germ layer formation in Xenopus laevis 
2.1  Major signals that promote germ layer formation 
‘It is not birth, marriage, or death, but gastrulation, which is 
truly the most important time in your life.’ These words by 
Lewis Wolpert in 1986 stress the importance of the process 
of gastrulation during the development of an animal, alt-
hough the events mentioned here are interdependent. Gas-
trulation is critical because the three germ layers, ectoderm, 
mesoderm and endoderm, are formed during the process 
that is accompanied with extensive cell migration. This is 
the first event of cellular differentiation after fertilization, 
which provides the prototype for the future body plan. Germ 
layers are formed in a strict spatiotemporal pattern within an 
embryo. In Xenopus, ectoderm is formed in the animal re-
gion of an embryo, while mesoderm locates in the equatori-
al region and endoderm is in the yolk-rich vegetal region 
(Figure 1A). Now we know that the nodal signaling path-
way is the major signal for mesoderm and endoderm (com-
bined as mesendoderm hereafter) induction in the embryon-
ic development of all animals. However, during Xenopus 
germ layer formation, the Nodal signaling is initiated by the 
maternal transcriptional factor VegT. VegT is maternally 
transcribed and the transcript is localized to the vegetal pole 
of early cleavage and blastula embryos, and importantly, the 
encoded protein is required for zygotic transcription of nod-
al-related genes and endoderm inducing genes [2531]. 
-catenin is another maternal factor that promotes germ 
layer formation. Its function is achieved, in cooperation 
with the DNA binding protein Tcf7l1/Tcf3 in the Tcf/Lef 
family, by stimulating the transcription of siamois in the 
dorso-vegetal cells of early blastula. siamois encodes a  
 
 
Figure 1  The spatial pattern and signals for germ layer formation in 
Xenopus gastrula embryos. A, The spatial pattern of three germ layers in 
Xenopus laevis gastrula embryo. In the left panel, the staining signal for the 
expression of the pan-mesodermal marker gene t detected with whole 
mount in situ hybridization shows that mesoderm is formed in the equato-
rial region of embryo, while the region above (the animal region) is ecto-
derm. The slit-like structure indicated with an arrow is the dorsal blasto-
pore lip (bl), the site of involution that drives morphogenetic movements 
during gastrulation. In the right panel, the expression of the endodermal 
marker gene sox17a indicates that the endoderm is formed in the vegetal 
region. In both panels, the embryos are shown with animal pole up and 
vegetal pole down, dorsal side to the left and the ventral side to the right. B, 
The signals that drive the induction and pattern formation of mesoderm and 
endoderm germ layers. Abbreviations: Cer1: Cerberus 1; chrd: chordin; 
nog: noggin; sia: siamois. See text for details. 
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homeobox transcription factor that induces transcription of 
the genes encoding secreted proteins, such as Nog, Chrd, 
and Cer1, in the Spemann-Mangold organizer [32]. The 
secreted proteins function as antagonists against the Wnt, 
BMP and Nodal growth factors being emitted from the ven-
tral side [3236]. Moreover, -catenin is able to boost tran-
scription of nodal-related genes in the dorsal side of blastula 
and gastrula embryos, thus generating a decreasing nodal 
gradient along the dorsal-ventral axis [37,38]. Therefore, 
-catenin plays a critical role in the establishment of dorso-
ventral axis. In the animal pole of early embryos, another 
maternal factor, Ectodermin, protects the animal region of 
blastula or gastrula embryos from the mesoderm-inducing 
signals, thus maintaining the identity of ectoderm in the 
animal region [39]. Figure 1B shows the model for germ 
layer induction and pattern formation. 
2.2  Pluripotency factors are expressed during Xenopus 
germ layer formation 
A fertilized egg is totipotent, because it can form a complete 
organism. After a few cycles of cleavage, a blastula is 
formed and the blastula ectoderm is competent to inducing 
factors like Activin to differentiate into cells of all three 
germ layers [40]. Therefore, these ectoderm cells exhibit the 
differentiation potential that resembles the mammalian plu-
ripotent embryonic stem cells (ES cells). After mid-gastrula, 
the ectoderm cells gradually lose the competence to external 
inducing factor to form mesoderm or endoderm cells. This 
means that with the ongoing differentiation of embryonic 
cells, the differentiation potential of these cells decreases 
accordingly. Hence, it raises a question about correlation 
between the signals promoting differentiation and the sig-
nals regulating pluripotency.  
As a branch of developmental biology, the study on ES 
cells has become increasingly popular due to the potential 
applications of ES cells in regenerative medicine. It is now 
clear that a few transcription factors, typically Pou5f1/Oct4, 
Sox2, Nanog, and Klf4, comprise a core regulatory circuitry 
for the regulation of pluripotency and self-renewal of ES 
cells [41]. Changes in the levels of these “pluripotency fac-
tors” in ES cells will cause the differentiation into line-
age-specific cell types [4244], suggesting that these factors 
are important in cell fate decision. Moreover, these factors 
can enable terminally differentiated cells to acquire plurip-
otency and self-renewal, which are the typical features of 
ES cells [45,46]. Nevertheless, the functions learned from 
the experiments with ES cells, which are cultured in con-
cocted media, do not necessarily reflect the situation in 
whole embryos. Of the four pluripotency factors, the Oct4 
homologous gene has been identified in Xenopus [4751], 
zebrafish [52], Axolotl [53], and chicken [54]. A single 
Oct4 homologous gene exists in each of the animals except 
Xenopus, in which three homologous genes, oct60, oct25 
and oct91, are present in the genome [4751], probably due 
to the duplication of chromosomes during evolution. The 
three Oct4 homologous genes can be considered as a single 
one since they are arranged in a cluster, and moreover, the 
combined spatiotemporal expression pattern of the genes is 
equivalent to that of Oct4 in mouse. However, oct91 among 
the three is the closest in expression and function to mam-
malian Oct4, because it is expressed in the germ line [55] as 
does mouse Oct4, whereas the other two are not. Meanwhile, 
Oct91 shows a better effect than Oct60 or Oct25 to rescue 
Oct4-null ES cells [51]. Sox2 and Klf4 genes are also well 
conserved in vertebrates, but the transcription during early 
stages of embryonic development differs somewhat. 
Whereas Sox2 is transcribed both maternally and zygotical-
ly in mouse and Xenopus, Klf4 exhibits no maternal tran-
scription in mouse [56] but displays both maternal and zy-
gotic transcription in Xenopus [57]. Nanog homologous 
gene has been identified in zebrafish [58], axolotl [59] and 
chick [60], but not in Xenopus [16,58,61], suggesting that 
Nanog might be lost in the genus Xenopus. 
2.3  Regulation of germ layer formation by pluripoten-
cy factors in Xenopus 
Many studies have demonstrated that the pluripotency fac-
tors are indispensable for the formation of germ layers. 
Among these factors, Oct4 has been shown to be involved 
in nearly every aspect of germ layer formation, including 
germ layer induction, dorsoventral patterning and cell mi-
gration. In Xenopus, Oct4 homologous proteins interfere the 
activities of maternal VegT and -catenin, thus inhibiting 
the induction of mesendoderm [62]. Moreover, Xenopus 
Oct4 homologous factors mediate the zygotic events of 
mesendoderm formation, since these factors repress the 
function of Nodal/Activin signaling [63,64]. Besides, Oct25 
and Oct91 are involved in the patterning of mesoderm and 
ectoderm [50,65,66] at least partially via mediating the ac-
tivity of BMP signaling [50,66]. In addition, Oct25 proba-
bly plays a role in the process of morphogenesis [67], the 
coordinated cell movement that shapes germ layers into a 
correct spatial arrangement. Sox2 belongs to the B1 sub-
group of Sox family of transcription factors that are well 
conserved in vertebrates. During Xenopus embryogenesis, 
sox2 is maternally expressed at a relatively low level, but its 
expression increases after mid-blastula transition and local-
izes specifically to the neuroectoderm during gastrulation 
and to the neural plates during neurulation. Hence, it is usu-
ally used as a marker gene for neuroectoderm. Sox2 is not 
able to induce neural differentiation by itself in Xenopus 
ectoderm [68], but another study demonstrates that Sox2 
alone can drive expression of neural genes [69]. Interest-
ingly, the B1 subgroup Sox proteins repress VegT/-catenin 
stimulated nodal expression and Wnt/-catenin signaling 
[7072]. Therefore, Sox2 is similar to Oct4 homologous 
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proteins in their functions in the inhibition of mesendoderm 
germ layer formation in Xenopus. From the studies above, 
we can conclude that during germ layer formation, there 
exists a delicate balance between the signals that maintain 
pluripotency of early embryonic cells and the signals that 
promote mesendoderm differentiation. The balance is 
achieved via at least partially the inhibitory effects of Oct4 
homologous factors Oct60, Oct25 and Oct91 on the activi-
ties of maternal VegT, -catenin and zygotic Nodal. If the 
activity of Oct4 homologous factors is excessively high, 
then the early embryonic cells will remain in their undiffer-
entiated state and germ layers will fail to differentiate. In 
contrast, if the activities of the signals that promote differ-
entiation are too high, then germ layers will differentiate 
prematurely. 
Although Nanog orthologous gene has not been identi-
fied in Xenopus, the work of two research groups suggests 
that vent1/2 (ventx) might play the functions of Nanog in 
Xenopus [58,61]. Vent1/2 were formerly shown as target 
genes of BMP signaling that mediates dorsoventral pattern-
ing. However, overexpression experiments by Schuff et al. 
[58] and Scerbo et al. [61] display that these genes regulate 
not only the patterning of dorsoventral axis, but also the 
differentiation of mesendoderm. In addition, overexpression 
of mouse Nanog (mNanog) or zebrafish Nanog (zNanog) in 
Xenopus embryos leads to a same phenotype as Vent1/2. In 
contrast, knockdown of Vent1/2 results in premature activa-
tion of differentiation genes, implying an effect of prema-
ture differentiation of early embryonic cells. It is not clear 
whether Vent1/2 employ similar molecular mechanisms to 
mediate cell differentiation, as do Oct4 or Sox2 homologous 
proteins. Among the pluripotency factors, Klf4 is quite dif-
ferent from the others in their functions regulating cell fate 
determination during germ layer formation. Gain of func-
tion analyses revealed that, contrary to the effect of gain of 
Oct4 or Sox2 function, Klf4 promotes endoderm formation 
in both Nodal/Activin-dependent and -independent ways, 
and loss of function results in the failure of germ layer dif-
ferentiation [57], an effect similar to gain of Oct4 or Sox2 
function. Therefore, Klf4 displays an opposite effect on 
germ layer formation as compared with Oct4 or Sox2, im-
plying that the activity of different pluripotency factors 
should be also finely balanced to ensure correct germ layer 
formation. The functions of pluripotency factors during  
Xenopus germ layer formation and their interaction with the 
major signals that promote germ layer formation are de-
picted in Figure 2. 
Roles of pluripotency factors during zebrafish germ layer 
formation and mouse early development have also been 
investigated extensively. Some results are in well agreement 
with those for Xenopus, while others are in somewhat dis-
crepancy. For example, gene knockouts demonstrate that 
Pou5f1/Oct4 and Sox2 are both critical for pre-gastrula de-
velopment in mice, while Klf4 just causes skin malfunction 
in newborn mice without defects in early embryos (Table 1). 
The situation might be explained either by the different ex-
perimental setups or by the functional complexity of these 
factors during embryogenesis. The complexity is reflected 
by the fact that an increasing number of additional factors, 
for example, Wdr5, esBAF, Ring1A/B, Zfp296, Nr5a2, 
Esrrb, integrate into the core circuitry and play a role in  
 
 
Figure 2  The functions of pluripotency factors during Xenopus embryo-
genesis and the underlying mechanisms. A, Pluripotency factors distributes 
ubiquitously in Xenopus early embryos. In ectoderm, they promote neu-
roectoderm while inhibit epidermal differentiation. In mesoderm and en-
doderm, both Pou5f1 and Sox2 exhibit an inhibitory effect. By contrast, 
Klf4 promotes endoderm differentiation. B, A diagram depicting the regu-
lation of the signals that promote germ layer formation by pluripotency 
factors. See text for details.
Table 1  Comparison of the functions of pluripotency factors between Xenopus and mouse early embryonic developmenta) 
 Xenopus Mouse ()* 
Pou5f1 
Gain of function represses mesoderm and endoderm formation but promotes neu-
ro-ectoderm differentiation. Loss of function leads to upregulation of mesoderm and 
endoderm but downregulation of neural differentiation [50,51,6266]. 
Peri-implantation lethality prior to the egg cylinder 
stage, failure to develop a pluripotent inner cell mass. 
Sox2  
Gain of function upregulates neural differen-tiation and inhibits nodal signaling 
[6872]. Fail to develop an egg cylinder or epiblast. 
Klf4 
Gain of function promotes endoderm and neuroectoderm differentiation and dorsaliz-
es body axis. Loss of function blocks germ layer differentiation [57]. 
Die shortly after birth due to skin defect. 
a) *, From the mouse database http://www.informatics.jax.org. 
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regulating pluripotency and self-renewal. However, the 
roles of these factors in embryonic development have been 
largely unknown. Paradoxically, two latest reports elucidate 
that pluripotency factors Oct4, Nanog and SoxB1 are re-
quired for zygotic gene activation during zebrafish embry-
ogenesis. When the functions of these factors are inhibited, 
most of zygotic genes fail to activate [73,74]. Zygotic gene 
activation is a prerequisite for cell differentiation after ma-
ternal store of transcripts have been degraded. Therefore, 
the so-called pluripotency factors are in fact a specialized 
term that is pertinent to ES cells only. In a different cellular 
environment, these factors may not just maintain the undif-
ferentiated state of cells, but generate a precondition for 
cells to differentiate. This situation also holds true for the 
signals that promote germ layer differentiation in embryos, 
especially the Nodal and Wnt pathways. In ES cells, both 
pathways play important roles in the maintenance of plurip-
otency or self-renewal [7578], which means that they 
maintain the undifferentiated state of cells. Therefore, the 
functions of a factor or a signaling pathway are dependent 
on the internal or external environment of cells. Those fac-
tors that play critical roles in ES cells should be important 
as well in the regulation of germ layer formation, and more 
experiments will perhaps elucidate some unexpected func-
tions of these factors during embryogenesis. 
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